Traditional connections in earthquake-resistant cross-laminated timber buildings are susceptible of brittle failures, even when buildings are designed and supposed to be ductile. This is mainly due to the large underestimation of the actual strength of the ductile components, with consequent increased strength demand for the brittle parts, which may fail if designed with insufficient overstrength. Recent studies demonstrate that the use of steel connections characterized by a well-defined mechanical behaviour can improve significantly ductility and dissipative capacity of cross-laminated timber structures and the reliability of the capacity design. In this paper, the conceptual model of capacity design is discussed, proposing some modifications to improve its reliability for traditional and highductility connections for CLT structures. Results from quasi-static cyclic-loading tests of an innovative ductile bracket are presented and the corresponding overstrength factors are computed using the proposed conceptual method and compared with values available in the literature for traditional connections. Finally, a comparative application of the capacity criteria to the design of the innovative bracket and of a traditional nailed connection is presented and discussed.
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Introduction
The seismic response of cross-laminated timber (CLT) structures is strictly correlated to ductility and energy dissipation capacity of connections, which can be exploited only if they are designed according to reliable capacity-design rules. Typical connections used in CLT structures are specifically optimized and manufactured to prevent the horizontal sliding or vertical uplift of the wall panels. These elements, known respectively as angle brackets and hold-downs, are hereafter identified as traditional connections. They are normally made of punched and cold-formed thin steel plates fastened to the panel generally with ring shank nails or screws. Ductility and energy dissipation capacities of traditional connections rely entirely on cyclic behaviour of the dowel-type fasteners, whereas the steel plates and all the timber members should be over-resistant to prevent premature brittle failures. Wood embedment of fasteners (i.e., nails or screws) leads to a marked pinching behaviour of steel-to-timber connections, limiting their dissipative capacity and therefore the seismic performance of the entire CLT structure, especially if realized with unfavourable geometrical configuration and panel arrangement (Pozza and Trutalli 2017) .
Actually, traditional connections are the same that were originally developed for light-frame shear walls, with some geometrical improvements to assure higher loadbearing capacities [e.g., (Tomasi and Smith 2015; Polastri and Pozza 2016; Izzi et al. 2018a) ]. However, in light-frame technology energy dissipation capacity is assured by small-diameter fasteners (e.g., screws or nails), that diffusively connect bracing panels to the light frame, allowing shear deformation of walls. On the contrary, CLT panels are elastic and almost infinitely rigid in their plane, therefore energy dissipation is localized only into reciprocal connections between panels and to the ground.
A possible strategy to improve the ductility and the seismic response of CLT buildings with traditional connections is the fragmentation of the façades into narrow modular panels, vertically jointed by means of small-diameter screws or nails. This improvement has been quantified by analysing full-scale tests of CLT shear walls , via parametric numerical analyses (Pozza and Trutalli 2017; Izzi et al. 2018b) and by comparison of shake-table tests of different buildings (Ceccotti 2008; Flatscher and Schickhofer 2015) . However, fragmentation of panel is in contrast with advantages of prefabricated systems, i.e., ease and speed of assembling.
A more affordable strategy is based on the adoption of connection elements with optimized cyclic behaviour to guarantee a high level of ductility and dissipative capacity to CLT buildings, independently of the organization and dimension of CLT panels. These devices are hereafter called innovative connections. The use of special steel devices as dissipative connections has been widely investigated (Kelly et al. 1972) and found application in the design of connections for reinforced concrete (RC) structures (Henry et al. 2010 ). More recently, various types of innovative connection for CLT buildings have been developed, which exploit the hysteretic behaviour of steel (Baird et al. 2014; Latour and Rizzano 2015; Scotta et al. 2016; Schmidt and Blaß 2017; Polastri et al. 2017) or friction (Loo et al. 2014; Hashemi et al. 2017 ). These connections work in an opposite way with respect to traditional connections: the deformation is localized in the 1 3 dissipative component, whereas the anchoring to the CLT panel must guarantee negligible elastic deformations, resulting in a limited pinching effect and a better control of the seismic response of the entire connection and, therefore, of the entire building.
In summary, independently from the adopted construction method (continuous horizontal panels, or narrow modular panels) and from the chosen type of connection (traditional or innovative), the optimal design of an earthquake-resistant CLT building should comply with a rigorous capacity-design approach to avoid brittle failures and ensuring maximum ductility and dissipative capacity to shear-wall systems (Jorissen and Fragiacomo 2011) . The compliance of the seismic design of CLT structures with this approach is even more important than in designing RC and steel structures, for which most regions outside the defined non-linear zones still possess non-linear capacity .
The aim of this work is to propose some conceptual modifications to the model of capacity design to make it better adaptable to traditional and innovative connections for CLT panels and to improve its reliability, starting from the necessary literature background. Results from the latest experimental tests of an innovative high-ductility device are presented and exploited to examine the practical suitability of the modified conceptual model. This connection element is a tension-shear resistant steel bracket, which can highly improve ductility and energy dissipation capacity of CLT buildings. The statistical distribution of the main mechanical parameters obtained from tests of the bracket is here presented and analysed to estimate the overstrength factors, in comparison with values for traditional connections provided by the literature. Finally, the conceptual model of capacity design is analytically applied to the fastening to the CLT panel of the tested bracket, validated through an additional experimental test, and to the fastening to the CLT panel of a traditional hold-down, according to experimental values available in the literature.
Overview on capacity design of connections in CLT buildings
In this section, a modified conceptual model of capacity design and the main literature background are presented, with the aim of discussing the definition of overstrength factor and its application to design the brittle components of a connection, starting from the evaluation of the strength properties of its ductile part. In the following approach, the component of the connection system which is desirable to deform plastically is identified as ductile, whereas all the other components, which are brittle or less ductile, are in any case identified as brittle. For example, considering a connection for CLT structures and according to what was discussed in the Introduction, if capacity design is to be applied to a traditional connection, fasteners are considered the ductile part of the system; on the contrary, if capacity design is to be applied to an innovative connection, fasteners that anchor the device to the panel are considered the brittle part of the system, even if they have an elastoplastic behaviour.
Conceptual model of capacity design
The capacity design approach was originally developed for RC structures (Paulay and Priestley 1992) . Its extension to timber and even to CLT structures has been already formally defined and is available in the literature Jorissen and Fragiacomo 2011; Gavric et al. 2013) . Figure 1 shows a modified conceptual model, starting from the model in Jorissen and Fragiacomo (2011) , of the capacity design of the brittle components of the system (subscript B), depending on the statistical distribution of the strength of the ductile part (subscript D) and the analytical procedures and factors applied by practitioners to evaluate such strength (i.e., rules and factors according to codes or standards). The model presented here aims to give a comprehensive approach of capacity design and to introduce some concepts:
1. Since a ductile element could reach very high displacements, a proper target displacement d target is defined as limit of the displacement capacity according to the seismic performance demand, Fig. 2 . It is necessary to assure that the ductile element of the system be able to deform up to d target , avoiding not only the failure of the brittle components, but also their possible incompatible deformations, which could compromise the effectiveness of the ductile element.
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Yielding strength 2. The partial factor for material properties γ m has been introduced in the capacity design model also in the amplification of the strength of the ductile component to obtain the upper design value. The possibility of having a different γ m depending on its application in calculating the lower or the upper design value of a strength property is also considered. Figure 1 shows two groups of curves, which schematize a statistical distribution of the strength of all the structural components of a connection system. The two curves on the left identify the ductile component, whose strength must be compared with that of the weakest brittle component (ith brittle element of the curves on the right). According to Fig. 2 It is worth noting that the parameters listed above should be obtained with monotonic tests, because normally the envelope curve obtained in cyclic loading may be affected by strength degradation, resulting in a not conservative capacity design, Fig. 3 . In this case, the different strength between the first cyclic envelope ( F 1st ) and the monotonic curve ( F M ) should be considered by means of a specific factor cyc in the capacity design, to increase the strength obtained with cyclic-loading tests.
Based on the definitions set out above, the capacity design consists in fulfilling inequality (1), i.e., the lower design value of the characteristic load-bearing capacity of the brittle parts of the system estimated according to code F with a fixed probability according to ultimate-limit-state (ULS) approach (CEN 2010). Two hypotheses are therefore possible: , is normally lower than the 95th percentile of the peak strength F
is defined as product between F + D,peak and the partial factor for material properties
The overstrength factor Rd is introduced to have a direct comparison between the lower design load-bearing capacity of both ductile and brittle part ( F
), which are the only calculable values by practitioners. The capacity design is therefore code dependent because Rd is strictly correlated to the analytical methods and the parameters used to compute the load-bearing capacity of the ductile element according to a particular code or design method,
. Rd can be therefore defined as ratio between F
and F
According to this definition, the overstrength factor Rd includes two partial factors for material properties and two components of overstrength. The first overstrength sub-factor is the analytical overstrength an , depending on the underestimation of the actual strength using the load-bearing capacity according to a particular code, Eq. (3); the second overstrength sub-factor is the experimental scattering sc of the peak or target strength, Eq. (4).
Inequality (1) This formulation is of general validity. Specifically, the introduction of the partial factor for material properties, to be multiplied twice by F
in the capacity design, is new in the literature. The explanation can be given considering that, as m should divide the 5th percentile of strength to obtain the lower design value, the same should be made to obtain the upper design value, multiplying the 95th percentile of strength by m . The probabilistic approach of the limit-state design makes also possible that + m and − m be different. An important simplification can be made, considering that in the seismic design, all the partial factors for material properties in the previous Equations, both for the ductile and the brittle parts, can be taken equal to 1.0, accepting a higher probability of failure during an Earthquake (1) (CEN 2013) . In this case, Eq. (5) can be rewritten as in Eq. (6) to apply the capacity design directly to the characteristic load-bearing capacities according to codes or standards.
Even if the concepts reported above are of general validity, when the ductile components are connectors for timber members additional notes are worth considering. According to the proposal in Follesa et al. (2015 Follesa et al. ( , 2018 , Izzi et al. (2016) , an additional term should be included in the previous equations of capacity design, because it has been introduced in the evaluation of the design strength of the ductile component: the factor Sd , (defined as ratio between force obtained at 3rd and 1st cycle, F 3rd ∕F 1st ) accounting for the strength degradation due to cyclic loading (Fig. 3) . In particular, factor Sd (≤ 1.0) should multiply F
for ULS verifications, in order to obtain the load-bearing capacity of the third loading cycle. For this reason, in the application of capacity design, F
has to be divided by Sd in order to come back, correctly, to the first-cycle strength. However, in the seismic design of connections, the cyclic strength reduction is already considered in the definition of the behaviour q-factor, according to Eurocode 8 (CEN 2013), used to compute the design forces in the ductile components. For this reason, it seems not necessary to introduce factor Sd in the calculation of the design strength, and, as a consequence, it does not appear in the model of capacity design proposed here.
Background literature on capacity design of CLT structures according to Eurocodes
Eurocode 8 (CEN 2013) currently provides overstrength factors Rd for steel and RC structures only (in the range 1.0-1.3), whereas no specific provisions are given for timber structures . Therefore, there is the need to provide reliable overstrength factors also for CLT structures, which should be specific for each ductile element, i.e., dowel-type fasteners for traditional connections or steel brackets for innovative connections. A proposal for revision of Chapter 8 of Eurocode 8 (CEN 2013) is available in the literature (Follesa et al. 2015 (Follesa et al. , 2018 where a Rd equal to 1.3 for the CLT building technology and the formulations for its application in the capacity design are proposed. The main issue in applying capacity design to traditional connections derives from the uncertainty in evaluating the actual peak strength of fasteners (i.e., the ductile component), which often largely exceeds the corresponding characteristic load-bearing capacity, F − D,code , evaluated according to Johansen's Theory (Johansen 1949 of a fastener may increase. The direct consequence of such evidences and of the high standard deviation values normally exhibited by the ductile part of traditional connections is that the actual peak strength of fasteners might exceed the maximum strength of brittle components, with subsequent brittle failure of the entire connection. Therefore, the reliability of Rd is affected by the statistical variability of the strength of the ductile element (high sc are expected) and by the analytical method to estimate its characteristic strength, according to a particular code (high an are expected). It is therefore of crucial relevance that the Rd values proposed by a code be consistent with the analytical method and parameters suggested by the same code.
Some research studies in the literature deal with capacity design for CLT structures with traditional connections Sustersic et al. 2012; Gavric et al. 2015a, b; Izzi et al. 2016; Ottenhaus et al. 2017 ). The statistical distribution of peak strength and the correspondent overstrength factors can be found in some research works. Izzi et al. (2016) conduced an exhaustive research about steel-to-timber joints with ring shank nails, deriving overstrength factors suitable for applying the capacity design to metal connections, as holddowns and angle brackets; Ottenhaus et al. (2017) presented an evaluation of overstrength factor for dowelled connections; Gavric et al. (2015a) analysed the behaviour of typical angle brackets and hold-downs and of typical screwed connections. The resulting Rd for steel-timber connections with ring shank nails are in the range 1.6-2.6 (Izzi et al. 2016 Ottenhaus et al. (2017) , Rd for steel-to-timber connections with dowels was theoretically estimated to be equal to 1.68, splitting this factor within different sources of overstrength; experimental tests were also performed to verify such estimation. As concerning innovative connections, which employ the hysteretic behaviour of steel, keeping elastic the anchoring to the panel, no rules are normally available to evaluate analytically their load-bearing capacity and no works are available in the literature, which characterize these connections in terms of application of capacity design. The recognized rule applicable to steel elements, consisting in taking F (CEN 2015) can be extended to these types of connection. It is worth noting that when strength and stiffness of the connection are governed only by steel property and geometry of the device, F − D,y might be computed also by means of detailed finite-element analyses with two-or three-dimensional elements, thanks to the good accuracy in predicting the behaviour of steel and the yielding point. In this case, a suitable curve fitting the elastoplastic behaviour of steel [e.g., the Ramberg-Osgood law (Ramberg and Osgood 1943) ] may be used according to tests of specimens of the selected steel. It seems therefore appropriate to state that employing connections with a well-defined yielding point and predictable target and peak strength results in a more reliable application of the capacity design. Therefore, research studies to characterize innovative high-ductility connections also in terms of correct application of capacity design are needed.
Evaluation of overstrength for a high-ductility connection
The actual applicability to innovative connections for CLT structures of the conceptual model of capacity design presented in the previous sections is verified through the study of a high-ductility connection. Results from tests of the ductile element are firstly analysed to define its cyclic behaviour and the overstrength factors. Then, a final test of the complete connection, composed by the ductile and brittle components, designed in accordance with capacity design, is presented to validate the model. This section presents also the final version of the connection and the experimental data for its mechanical characterization.
Experimental characterization

Description of the bracket and test setup
An innovative steel bracket has been developed at the University of Padova, as an alternative to traditional connections, to improve ductility and dissipative capacity of CLT buildings, and to have a better control of the seismic response, thanks to a well-defined mechanical behaviour. This connector is made by a single cutting of a steel plate, resulting in several X-shape brackets with four fixing points (16-mm diameter holes) necessary for the anchoring to the timber panel or to the foundation. Henceforth, this connection is called X-bracket. Detailed information about the design of the first prototype is available in Scotta et al. (2016) and its coupled shear/tension behaviour is described in Marchi et al. (2016) . The final version of the bracket, here presented, has been obtained applying shape adjustments to the first prototype, with the aim to improve ductility and dissipative capacity. A 6-mm thick steel plate, with strength corresponding to a S450 steel grade according to EN 10025-2 (CEN 2004), was chosen to realize the latest specimens, cyclically tested in the mechanical laboratory of Department ICEA of the University of Padova. The effects of changes in thickness or steel grade, that obviously modify the yielding and ultimate strength of the bracket, could be evaluated through preliminary FE models. However, the expected slight differences in the cyclic behaviour and buckling are to be verified with additional experimental tests.
Six mechanical tests (three in tension and three in shear) were performed according to the quasi-static cyclic-loading protocol of EN 12512 (CEN 2005) , imposing a yielding displacement d y,est equal to 4 mm. The same test procedure presented in Scotta et al. (2016) was followed, anchoring a couple of X-brackets to a rigid steel frame, with M16 8.8-class steel bolts (Fig. 4) . Therefore, six brackets were tested in tension and six in shear. The shear test was performed using an unbraced steel truss, in which the X-brackets worked as cross-bracing elements (see Fig. 4b ) positioning the specimens in a rotated configuration, in order to keep the loading direction as close as possible to the virtual diagonal line.
Test results
Test results are plotted in Figs. 5 and 6 in terms of force-displacement curve for all the tests. Strength refers to a single X-bracket device. With reference to the curves of the specimens loaded in shear (Fig. 6b) , the projection of forces and displacements to the local axis x (see Fig. 4b ) are shown, to present the results in terms of lateral force and lateral displacements of the bracket.
In tension tests, a homogeneous diffusion of yielding area between web and flanges gave to the bracket a great displacement capacity, and consequent high ductility and dissipated energy. Failure occurred for large displacements, due to out-of-plane flexural buckling of the vertical web during the unloading phase and consequent strength degradation in tension and compression (Fig. 5) . Buckling and strength degradation were activated for a displacement of 24 mm, whereas for smaller displacements full hysteresis cycles were recorded and, therefore, maximum dissipation is assured. Despite this buckling phenomenon, a good hysteretic response was observed also for larger displacements, completing all the three repeated cycles also for the subsequent amplitudes (Fig. 5b) , assuring in this way a very high ductility. Two target displacements, d target_1 = 24 mm and d target_2 = 40 mm, corresponding to 6d y,est and 10d y,est respectively, were assumed for all three tests.
Also for shear tests, failure was localized in the vertical web subjected to lateral torsional buckling (Fig. 6a) , which started for large deformations (± 16 mm cycles in Fig. 6b ). The failure mode can be explained by the inversion of loading, which led to an accumulation of large plastic strains in a relatively small area. However, all the three ± 24 mm cycles were completed without showing excessive strength degradation (Fig. 6b) . This displacement was assumed as target displacement d target = 24 mm.
From the hysteresis curves of the bracket in tension and shear (Figs. 5b and 6b) at force equal to zero (i.e., at the intersection of curves with x-axis), it is possible to observe the effects of small gap at the dowelled joint between the steel frame and the hydraulic jack. This gap caused a sudden disturbance, during the inversion of load, which was transmitted to the steel frame and captured by the linear variable displacement transducers.
The performed cyclic-loading tests allowed to define the main mechanical parameters and the statistical distribution of strength and stiffness. F D,target ) , ductility μ. Yielding point and stiffness were obtained fitting the envelope of the hysteresis curves using the analytical formulation proposed by Foschi and Bonac (Foschi and Bonac 1977) and applying proper bi-linearization methods. In particular, due to the different post-elastic behaviour of the connector subjected to tension or shear, method (a) of EN 12512 (CEN 2005) was chosen for tests in tension, whereas the equivalent energy Obtained results show that this bracket is characterized by a very high ductility resulting from a high elastic stiffness and displacement capacity. These properties confer to a CLT structure assembled with these connections a rigid behaviour with limited damage for lowintensity earthquakes, and a wide plastic range exploitable during strong seismic shocks. In particular, three displacement ranges can be identified to clarify the usage of the connector in high-ductility CLT buildings (Figs. 5, 6 ):
• The elastic range is characterized by high elastic stiffness and therefore high strength versus low displacement, which is favourable for static lateral loads (e.g., wind action) or low-intensity earthquakes (i.e., damage limitation state-DLS); • The working range involves an optimal behaviour of the X-bracket in terms of high dissipative capacity and ductility, limited buckling phenomena, no pinching behaviour and low strength degradation: all conditions that are favourable for high-intensity earthquakes (i.e., ultimate limit state-ULS). The high stiffness in the elastic phase is clearly favourable also in this phase, to avoid excessive displacements before the required non-linearity is achieved ); • The high-ductility range is characterized by buckling phenomena during unloading, lower dissipative capacity and higher strength degradation than the working range. However, this range is useful to assure very high ductility, i.e., to avoid failure even if the working range is exceeded during the earthquake, guaranteeing a wider safety margin and redistribution of forces among connections, exploiting the redundancy Table 1 Main mechanical parameters according to EN 12512 method "a" (CEN 2005) for tension tests and EEEP method (Foliente 1996) of the building. This displacement range is not reached by traditional connections, which normally fail for displacements lower than or equal to 30 mm (Gavric et al. 2015a ).
Overstrength factor calculation
Results from tension tests of the X-bracket in Table 1 (7) and (8) respectively.
Results from the shear tests of the X-bracket in Table 1 and Fig. 6b show that Table 2 Comparison of overstrength factors for the X-bracket, nails, screws and dowels a Values extrapolated from Izzi et al. (2016) b Values extrapolated from Gavric et al. (2015b) c Values extrapolated from Ottenhaus et al. (2017) (1) cyc = 1 assumed (2) 1.95 Table 2 shows a comparison in terms of γ Rd among X-bracket, steel-to-timber joints with ring shank nails laterally loaded in parallel or perpendicular to face lamination of the CLT panel, screws to realize half-lap or LVL panel-to-panel joints and dowels. The values for nails, screws and dowels have been extrapolated from the literature (Gavric et al. 2015b; Izzi et al. 2016; Ottenhaus et al. 2017) , assuming as F − D,code the load-bearing capacities evaluated according to Eurocode 5 (CEN 2009), which are available in the same research works. It is worth noting that the obtained γ sc for the X-bracket are lower than values for traditional connections and close to 1.00 and that γ an for the X-bracket in tension is mainly due to the hardening behaviour shown. Comparing the γ Rd values between the X-bracket and the traditional connections it is evident the decrease of overstrength using a connection, which localizes the plastic deformation in a steel element, preserving the anchoring to the timber panel.
Practical application of capacity design
A comparative application of capacity design to a traditional and an innovative connection, according to the conceptual model presented in Sect. 2.1, is here discussed. The X-bracket is considered for the application to an innovative connection. In this case, the brittle components are the fasteners to anchor the bracket to the CLT panel, which should assure small elastic deformations and therefore limited pinching phenomenon. An additional test of a specimen composed by the X-brackets fastened to a CLT panel, i.e., the complete connection, is also reported to evaluate the actual loss in strength and dissipative capacity, due to deformation of fasteners. With reference to traditional connections, the capacity design of a hold-down is proposed, to evaluate the minimum design strength of the steel plate working in tension (brittle part of the system), depending on the number of ring shank nails (ductile part) in the hold-down.
Innovative connection
Design of the fastening to the CLT panel
The anchoring of the X-bracket to a CLT panel subjected to tensile loads was designed, referring to the mechanical properties of the bracket in tension and γ Rd at d target_2 evaluated in Sect. 3.2. The timber element is a 120 mm thick CLT panel composed by 5 layers of C24 timber boards. The two 16 mm diameter upper fixing points of the X-bracket are supposed to be fastened to the panel with two 16 × 200 mm 8.8-class calibrated bolts, to allow the horizontal arms to rotate and to dissipate energy due to steel plasticization. These two cylindrical restraints are subjected to high concentrated forces, which would result in predominant wood embedment, compromising the dissipative properties of the connection. Several techniques are available to improve both strength and stiffness of dowel-type joints and to reduce the pinching phenomenon (e.g., punched steel plates, toothed plate connectors, hollow steel tubes) (Rodd and Leijten 2003) . In this application, a technique similar to punched metal plates (Blass et al. 2000) has been chosen, using a thin steel plate placed between the bracket and the panel with two 16 mm diameter holes in correspondence to the fixing points of the bracket. A rectangular S275JR steel plate with dimensions of 330 × 200 × 3 mm, was designed and fastened to the panel with fourteen 8 × 100 mm self-tapping partially threaded screws. The characteristic load-bearing capacity of the screws, F 
Experimental test of the bracket fastened to CLT
A cyclic-loading test of the complete connection was conducted, following the same cyclic-loading procedure and setup adopted for the bracket, in order to obtain a direct comparison between the hysteretic behaviour of the X-bracket and of the complete connection. The experimental test of the complete connection was conducted only in tension. However, by changing the plate dimensions and the position of the screws, it is possible to realize the same over-resistant connection in case of shear loading conditions. Figure 7 shows the photos of the undeformed and deformed specimen.
From the superimposition of the results recorded for the X-bracket and the test of the complete connection, a very similar hysteresis behaviour (Fig. 8a) and a negligible decrease of dissipative capacity and strength were recorded (Fig. 8b, c) .
The reduction of strength and dissipative capacity [in terms of viscous damping ratio ν eq (CEN 2005) ] for the complete connection with respect to the mean value from the three tests of the X-bracket can be quantified from a comparison of the red and the black lines in Fig. 8b , c for all the loading cycles. It can be noted that no relevant strength reduction was recorded: a mean difference in strength equal to 2.75 kN (about 8.0%) was obtained in the working range and lower value in the high-ductility range. This proves that in the high-ductility range, characterized by the highest tensile loads, the proposed connection system is still able of withstanding the imposed loads and the hardening behaviour of the X-bracket (included in γ Rd = 1.76) is completely exploited, in compliance with the capacity design approach. A slight decrease of viscous damping ratio was recorded in the working range. However, the resulting values show again the high dissipation capability of the X-bracket also considering the slight reduction of performances due to the low elastic deformation of the fastening system. The recorded viscous damping ratios both in the working and in the high-ductility range are substantially higher than traditional hold-downs, which have ν eq of about 3.0% due to marked pinching behaviour of nails (Gavric et al. 2015a ).
Traditional hold-down
The minimum design strength F − B,code of the steel plate of an hold-down working in tension with a certain number of nails is here evaluated according to Eq. (6). The main properties of the connection have been chosen to be consistent with specimens tested in Izzi et al. (2016) , from which γ Rd was taken: the timber element is a 5-layer 134 mm thick CLT panel; the ductile component is represented by 4 × 60 mm ring shank nails; the thickness of the steel plate is equal to 4 mm. Additional material properties and details are available in Izzi et al. (2016) .
The hold-down to be designed is supposed to be fastened with 18 nails, hypothetically required to withstand the seismic force. The total load-bearing capacity of nails according to Izzi et al. (2016) It is worth noting that the hold-down considered in this example does not correspond to a particular commercial hold-down but it was specifically designed to comply with capacity design. This does not limit the usage of commercial hold-downs, which normally have thickness of 3 mm, in particular when tests are available to certify the compliance with capacity design up to a predetermined target displacement. On the contrary, when the hold-down is not tested to verify the compliance with capacity design and the conceptual model is not fulfilled, partial nailing is suggested in order to assure a ductile failure of the connection.
Conclusions
This work demonstrates that a key issue in the design of earthquake-resistant CLT structures is providing reliable overstrength factors to design the brittle components of a connection, in order to assure the exploitation of the plastic deformability of the ductile component. To this aim, a conceptual model has been presented as an enhancement of those available in the literature, to account for all the factors influencing the capacity design of a connection. The new concepts introduced are: the definition of a target displacement for the ductile component as limit of the displacement capacity according to the seismic (10) F − B,code = min A ⋅ f y ;0.9 ⋅ A net ⋅ f u performance demand; the application of the partial factor for material properties in the capacity design model both in the evaluation of the lower and upper design strength. These modifications are quite important, considering some specific issues of steel-to-timber connections as: the uncertainty in evaluating the actual load-bearing capacity of fasteners; the gap between the partial factor for material properties for steel structures and for connections for timber structures; the high ductility reached by innovative connections.
Data presented in the paper highlight that the use of innovative connections, which exploit the hysteretic behaviour of steel to confer to the structure a highly dissipative behaviour, can simplify and make more reliable the application of capacity design than the use of traditional connections, thanks to a well-defined behaviour of the ductile component and reliable response of structural steel. Analysed results demonstrate that the variability of the overstrength factor can be due not only to the statistical variability of the strength of the ductile element but also to the analytical method to estimate its characteristic strength, according to a particular code. It is fundamental therefore that the overstrength values proposed by a code be also consistent with the analytical method and parameters used to compute the load-bearing capacity of the elements considered to be ductile.
Original experimental results of an innovative connection named X-Bracket have been presented. The experimental characterization showed many advantages with respect to traditional connections: (1) higher ductility, displacement capacity and dissipative capacity; (2) very low scattering of results and well-defined yielding and failure conditions, resulting in a lower overstrength value and a more reliable application of capacity design; (3) negligible strength degradation and pinching behaviour in its working range.
Finally, the work summarized the reliable overstrength factors to be used by practitioners in the design of CLT structures assembled with traditional or innovative connection devices, specifying the quote due to statistical scattering and code overdesign.
